Background/Aims: Liver damage is a typical manifestation of nonalcoholic fatty liver disease (NAFLD). It originates from excessive fat accumulation, leading to hepatocyte death, inflammation, and fibrosis. Nonalcoholic steatohepatitis (NASH) is a type of NAFLD with a prevalence of 49% in morbidly obese patients. Pyroptosis plays an important role in the development of NASH; thus, it is important to elucidate the effect of lipid accumulation on pyroptosis. Genipin (GNP), a natural water-soluble cross-linking agent, has hepatoprotective effects and decreases lipid accumulation in the liver; however, the mechanisms underlying these effects are unknown. Methods: In this study, qPCR and Western blot were used to examine pyroptotic gene expression in high-fat diet (HFD) induced obese mice and free fatty acids (FFAs) treated hepatocytes. At the same time, relative lactate dehydrogenase (LDH) release and Hoechst & propidium iodide (PI) staining were done to verify cell death. To explore the molecular mechanism, cell transfection were constructed with siRNA or plasmid to obtain knockdown or overexpression hepatocytes. Results: We found that HFD-fed mice and FFAs-treated hepatocytes had obvious pyroptosis, and addition of GNP reversed liver damage and inhibited pyroptosis both in vitro and in vivo. Besides, UCP2 knockdown cells showed suppressed FFAs-mediated pyroptosis, as determined by decreased pyroptotic gene expression, reduced lactate dehydrogenase (LDH) release, and reduced cell death. Consistent with this, cells transfected with UCP2 had upregulated pyroptotic gene expression, increased
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Introduction
Liver damage, a typical manifestation of nonalcoholic fatty liver disease (NAFLD), is the hepatic counterpart of metabolic disorders, ranging from hepatic steatosis to nonalcoholic steatohepatitis (NASH), fibrosis, cirrhosis, and hepatocellular carcinoma [1] . NAFLD originates from excessive fat accumulation in liver cells, leading to hepatocyte death, inflammation, and fibrosis [2] . With improvements in living standards and an increase in sedentary behavior, the prevalence of NAFLD has been gradually increasing, affecting 20-30% of the general population and 75-100% of obese individuals [3] . In general, the prevalence of NASH among patients with NAFLD is 10%-20%, of whom 8%-25% progress to liver cirrhosis. In addition, up to 2.8% of patients with NASH develop end-stage liver disease or hepatocellular carcinoma [4] . The prevalence of NASH is as high as 49% in morbidly obese NAFLD patients [5] . Scientists have paid close attention to remedy NAFLD. Zeng et al. demonstrated that Alisol A 24-acetate effectively ameliorated hepatic steatosis and inhibited inflammation [6] . Another study also reported that taurine play protective role of in NAFLD via FGF-21/SIRT1 axis [7] . However, applications of these drugs are in low efficiency. Thus, it is important to elucidate the pathophysiology of liver damage during the progression of NASH, and to develop effective therapies for the growing NAFLD epidemic.
Pyroptosis, a new type of programmed cell death originally defined as a caspase-1 (Casp1)-dependent modality, can be triggered by the infection of bacterial pathogens (Salmonella typhimurium, Shigella flexneri, Listeria monocytogenes, and Pseudomonas aeruginosa), viral toxins (lipopolysaccharide [LPS], Bacillus anthracis) or disease (stroke, cancer), accompanied by cytoskeletal rearrangement, pore formation in the plasma membrane, DNA fragmentation, and release of pro-inflammatory and pyrogenic cytokines [8] . Following pore formation, small molecular weight dyes such as propidium iodide (PI) become permeable to the plasma membrane, while apoptotic cells remain intact and cannot be stained [9] . At the same time, the penetrable plasma membrane allows ions and water to rush into the cell, resulting in rupture of swollen cells and release of intracellular content. Thus, lactate dehydrogenase (LDH), a type of cytosolic enzyme in the cell, can be detected in the extracellular milieu [10] . These characteristics are sufficient to identify pyroptosis.
The molecular determinants and upstream signals of pyroptosis are delicate. Casps are cysteine proteases that use active-site cysteine residues to cleave target proteins after aspartate residues, and play central roles in initiating apoptosis and inflammatory pyroptosis. Apoptotic Casps include initiator Casps (Casps 2, 8, 9, and 10) and effector Casps (Casps 3, 6, and 7) that orchestrate apoptotic cell death. In contrast, inflammatory pyroptotic Casps (Casps 1, 4, 5 in humans and murine Casp11) are crucial mediators of inflammation and cell death [11] . Casp1 exists in inactive pro-forms in the cytosol and is activated when cleaved into p10 and p20 catalytic domain fragments [12] , which is required for interleukin 1 beta (IL-1β) processing, IL-18 release, and induction of pyroptosis. Casp1 is activated by the canonical Nod-like receptors (NLRs, typically via their caspase recruitment domain [CARD] or Pyrin domain), such as through direct CARD-CARD interactions (e.g., NLRP1b and NLRC4) or apoptosis-associated speck-like protein containing a CARD (ASC, also known as PYCARD)-mediated interactions (e.g., NLRP3, AIM2 and Pyrin) [13] . ASC is only composed of a Pyrin and CARD domain, and is an adapter protein for Casp1 activation [14] . It can interact with itself to create a cascade effect, recruiting all ASCs to a single subcellular location termed the "ASC focus" or "pyroptosome" [15] . Gasdermin D (GSDMD), recently identified as a generic substrate for Casp1 and executioner in pyroptosis [16] , plays different roles in canonical and non-canonical inflammasomes. In canonical pathways, activated Casp1 cleaves GSDMD into a 31 kDa N-terminal fragment to drive pyroptosis. In non-canonical pyroptosis, LPS resides Cellular Physiology and Biochemistry
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in the cytoplasm and binds to Casps 4, 5, and 11 to release the cleaved N-terminal domain and initiate pyroptosis [17] . Accumulating evidence has suggested that pyroptosis plays a critical role in metabolic diseases. Wree et al. demonstrated that global or to a lesser extent myeloid-specific activation of NLR family pyrin domain containing 3 (NLRP3) results in hepatocyte pyroptosis, severe liver inflammation, and fibrosis [18] . Another study found that aberrant or excessive activation of Casp1 plays an important role in promoting survival upon pathogen attack and regulating lipid metabolism [19] . It was also shown that Casp1 knockout mice did not release IL-1β and IL-18, and were resistant to endotoxic shock [20] . Importantly, keeping donor organs in the cold and flushed with a solution containing IDN-65561773 to inhibit Casp1 activity, provided 40% protection against ischemia-reperfusion liver injury, as indicated by decreased serum alanine aminotransferase (ALT) levels, and also ameliorated neutrophil accumulation in the liver 7 days after liver transplantation [21] . In addition, Casp1 is activated in macrophages and hepatocytes during the development of NASH, suggesting its important role in inflammation and fibrosis during NASH development [22, 23] . A recent study showed that GSDMD plays a key role in the pathogenesis of NASH in humans and mice [24] , broadening the possibilities for NASH therapy.
Mitochondrial dysfunction appears at different levels of NASH pathogenesis, presenting ultrastructural mitochondrial alterations, impairment of hepatic ATP synthesis, and the increased production of reactive oxygen species [25] . Moreover, overexpression of uncoupling protein-2 (UCP2) in the liver can cause acute liver injury [26] . The natural product genipin (GNP), an inhibitor of UCP2, was shown to enhance ATP production in isolated pancreatic islets and improve mitochondrial function in mice [27, 28] . UCP2 also suppresses inflammation and inhibits NLRP3 expression [29, 30] . In addition, UCP2 knockout mice were completely resistant to Toxoplasma gondii infection, suggesting that UCP2 has an antiinflammatory role [31] . Therefore, we investigated the role of UCP2 in the progression of pyroptosis.
We found that high-fat diet (HFD)-fed obese mice and free fatty acids (FFAs)-treated hepatocytes showed obvious pyroptosis. Administration of GNP reversed HFD-induced liver damage and inhibited pyroptosis through UCP2. These results demonstrated that UCP2 overexpression enhanced pyroptosis. Thus, GNP may serve as a potential therapeutic target for liver disease.
Materials and Methods

Animals
All animal experiments were conducted according to the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (NIH publication 85-23, revised in 1996) and the accepted rules enacted by the Laboratory Animal Care Committee at Nanjing Normal University (Permit 2090658, issued 20 April 2008). Male C57BL/6J mice aged 6-8 weeks purchased from the Model Animal Research Center of Nanjing University (Nanjing, Jiangsu, China), and were housed in the animal facilities with a 12:12-h light/dark cycle, controlled temperature (22-24°C) and humidity (50-60%), for 1 week quarantine with free access to water and food. Subsequently, mice were randomly divided into two groups: 20 mice were given an ND (10% calories from fat, 20% calories from protein, 70% calories from carbohydrate; Research Diets Inc., New Brunswick, NJ, USA) and 30 were fed with a HFD (60% calories from fat, 20% calories from protein, 20% calories from carbohydrate; Research Diets). After 2 months, an obese mouse model with significant steatohepatitis was obtained. Liver histochemical staining After treated with GNP or saline for 12 weeks, mice were fasted for 2 h and sacrificed to harvest their liver tissues. Small pieces of liver were cut and submerged in 4% paraformaldehyde, embedded in paraffin, sectioned into 5-μm thick sections, and stained with H&E. Images were taken with an inverted microscope (Nikon Eclipse Ts2R; Nikon, Tokyo, Japan ).
Biochemical analysis
Hepatic ALT and AST levels were measured with commercially available test kits (Jiancheng Institute of Biotechnology, Nanjing, Jiangsu, China). Simultaneously, the protein concentrations in cell lysates were measured by the BCA Protein Assay method (Jiancheng Institute of Biotechnology). The enzyme activity was exhibited as units per gram of protein (U/g protein).
Cell culture and treatments AML12 hepatocytes were cultured in a 1:1 mixture of Dulbecco's Modified Eagle's Medium and Ham's F12 medium (DMEM/F12, Wisent, St. Bruno, Canada) supplemented with 10% fetal bovine serum (FBS, Wisent), 100 units/mL penicillin (Sigma-Aldrich, St. Louis, MO, USA), 100 mg/mL streptomycin sulfate (Sigma), 0.005 mg/mL insulin, 0.005 mg/mL transferrin, 5 ng/mL selenium (ITS, Crygen, Nottingham, UK), and 40 ng/mL dexamethasone (Sigma). Cells were placed in a humidified atmosphere containing 5% CO2 at 37°C at a density of 2.5 × 105 or 5 × 104 cells per well on 6-well or 24-well plates, respectively. For stimulation, reagents were added to the medium without FBS after fasting for 6 h. GNP was dissolved in dimethyl sulfoxide and FFAs were prepared by adding equal amounts of oleic acid and palmitic acid with 12.5% BSA.
Plasmid construction and siRNA transfection
The complete coding sequence of the mouse UCP2 gene (930 bp) was amplified from the cDNA with the following primers:
(forward)5'-CCGGAATTCATGGTTGGTTTCAAGGCC-3'; (reverse) 5'-CCGCTCGAGTCAGAAAGGTGCCTCCC-3', cleaved by EcoR1 and Xho1 restriction enzymes, and inserted into the pcDNA 3.0 vector. siUCP2 was produced by RiboBio (Guangzhou, Guangdong, China). Overexpression or knockdown of UCP2 was induced by transfection of 500 ng plasmid or 100 nM siRNA, respectively, using Lipofectamine 3000 (Thermo Fisher Scientific, Waltham, MA, USA), according to the manufacturer's instructions.
Relative LDH release
After various treatments, cells were centrifuged at 1000 rpm for 2 min, after which relative LDH release was determined using a commercial kit (Beyotime, Shanghai, China) according to the manufacturer's instructions. The absorbance of samples was assessed at 490 nm using a microplate reader (Epoch; Biotek, Winooski, VT, USA).
Staining assay
To evaluate pore formation in the cell membrane, Hoechst and PI (Beyotime) were used for staining at 37°C in the dark. Following the appropriate treatment, cells were stained with Hoechst for 10 min. After washing three times with phosphate-buffered saline, PI was added for another 10 min. Cells with blue and red fluorescence were observed using a fluorescence microscope (Nikon Eclipse Ts2R).
Results
Pyroptosis is induced in HFD-induced obese mice and FFAs-treated hepatocytes
Because pyroptosis results in liver damage and HFD-fed mice show obvious steatohepatitis, we used these models to determine whether pyroptosis is activated by excess lipid. After mice were fed a HFD for 5 months, we collected the liver tissues and examined the molecular markers of pyroptosis. The mRNA expression of Gsdmd and Casp1 increased by 1.5-and 2.2-fold, respectively (Fig. 1A) . At the same time, the protein content of GSDMD-N and p20, active effectors of GSDMD and CASP1, respectively were also enhanced, indicating the induction of pyroptosis in HFD-fed mice (Fig. 1B, C) . Interestingly, the mRNA and protein hepatic expression of Ucp2, a gene located in the mitochondrial inner membrane that is related to obesity-related fatty liver, was also significantly increased (Fig. 1A-C) . To confirm these observations, we treated AML12 mouse hepatic cells with gradient concentrations of FFAs for different time points to analyze the role of lipid for pyroptosis in vitro, as both oleate and palmitate can induce lipotoxicity [32] . Unexpectedly, the expression of Ucp2 and pyroptotic-related genes were not induced in time-or dose-dependent manners. The optimum condition was treatment with 1 mM FFAs for 6 h (Fig. 1D-I ). In addition, LDH released into the medium was significantly elevated at the course (Fig. 1J) . However, Hoechst and PI staining showed that the number of pyroptotic cells was increased by FFAs treatment (Fig. 1K) .
GNP reverses liver damage and inhibits pyroptosis in obese mice
GNP is a natural compound with a protective role against liver disease. By hepatic hematoxylin and eosin (H&E) staining, we found that HFD-fed mice had severe lipid accumulation and inflammation. Notably, GNP significantly reduced the amount of lipid droplets and inflammation sites in a dose-dependent manner ( Fig. 2A) . Consistently, hepatic ALT and aspartate aminotransferase (AST), markers of liver injury, were also decreased in obese mice treated with GNP, whereas levels in normal diet (ND) mice were unchanged (Fig.  2B, C) . At the molecular level, GNP decreased the mRNA expression of inflammatory markers such as tumor necrosis factor alpha (TNF-α), IL-1β, and IL-6, which was increased by a HFD (Fig. 2D) . Furthermore, we GNP decreased Ucp2 expression in normal and obese mice, while pyroptotic gene expression was only decreased in HFD-fed mice (Fig. 2E) . The protein content of all markers was consistent with the mRNA levels (Fig. 2F, G) . Together, these data demonstrate the inhibitory role of GNP in liver damage and pyroptosis.
GNP inhibits pyroptosis in hepatocytes
Next, we examined the effects of GNP in vitro. In cultured AML12 hepatocytes, GNP only decreased Ucp2 expression, whereas the expression of pyroptotic-related genes remained unchanged (Fig. 3A-C) . Interestingly, GNP decreased the protein levels of active GSDMD-N and p20 in FFAs-treated cells by 25% and 34%, respectively (Fig. 3B, C) . We monitored relative LDH release in cells treated with FFAs or GNP, and found that LDH release was increased by 1.8-fold with FFAs, and was reduced by GNP (Fig. 3D) , indicating the inhibitory effects of GNP in FFAs-induced pyroptosis. Cell staining showed that FFAs increased the number of pyroptotic cells, but supplementation with GNP had preventative effects, as determined by the decrease in cell death (Fig. 3E) .
Pyroptosis induced by FFAs is mediated by UCP2
Because GNP, an inhibitor of UCP2, suppressed pyroptosis in vivo and in vitro, we determined if its inhibitory effects in pyroptosis were through UCP2. To test our hypothesis, we reduced Ucp2 expression using small interfering RNA (siRNA). The knockdown efficiencies at the mRNA and protein levels were 50% and 18%, respectively (Fig. 4A-C) . Upon treatment with GNP, the FFAs-mediated protein expression of active GSDMD-N and p20 and release of LDH was suppressed in siUCP2 cells (Fig. 4B-D) . Consistently, the number of pyroptotic cells was decreased in siUCP2 cells (Fig. 4E) . Together, these findings demonstrate that UCP2 mediated induction effect of FFAs on pyroptosis. 
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UCP2 is essential for pyroptosis
To explore the role of UCP2 in pyroptosis, we constructed a vector with the complete coding sequence of UCP2 and transfected it into AML12 cells. Ucp2 was overexpressed by 7.5-fold compared to the control, and relative Gsdmd and Casp1 expression was also significantly induced (Fig. 5A) . At the protein level, UCP2 was increased by 1.5-fold, and GSDMD and CASP1 expression was increased by 1.7-and 1.6-fold, respectively. The expression of active GSDMD-N and p20 was increased by 1.4-and 2.2-fold, respectively (Fig. 5B, C) . LDH release was also upregulated by 2-fold after transfection with UCP2 plasmid (Fig. 5D ). Hoechst and PI staining showed an increase in pyroptotic cells in UCP2-overexpressing cells (Fig. 5E) , suggesting the essential role of UCP2 in pyroptosis.
Discussion
In this study, we found that HFD-fed mice showed obvious pyroptosis in the liver, which was induced by FFAs accumulation in AML12 hepatocytes. GNP, a natural compound, played an important role in protecting against liver damage by inhibiting pyroptosis. At the molecular level, knockdown and overexpression experiments showed that the effects of GNP on pyroptosis were mediated by UCP2. Specifically, GNP reversed HFD-induced liver damage and ameliorated pyroptosis through UCP2, which has not been previously reported, suggesting the preventative role of GNP against hepatic disease.
Many pathways function in the pathogenesis of NAFLD, one of the alarmingly problems in the 21st century [33] . Hepatocytes derived factor S1P is activated by palmitate and released into the extracellular environment to involve in the progression of liver fibrosis [34] . Besides, miR-122 and miR-155 also play important role in triglyceride accumulation in the liver [35, 36] . Further studies are needed to classify the detailed mechanisms.
Apoptosis, necrosis, and pyroptosis, different types of intrinsic cell death mechanism are induced by intracellular pathogens. Apoptosis is active, programmed cell death that 
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Cellular Physiology and Biochemistry does not elicit inflammation, while necrosis is characterized by passive, accidental death with the release of inflammatory intracellular contents. Pyroptosis was recently found to be a form of programmed cell death, which is initiated by inflammasomes and executed by GSDMD, resulting in pore formation and cell rupture. Unfortunately, pyroptosis kills infected host cells but does not damage the intracellular pathogens [37] ; thus, it is more effective in defense against environmental stimulus. GSDMD has binding affinity for lipids that usually reside in the cytosolic leaflet of the plasma membrane and protects adjacent cells from pyroptosis [38] . Our observation that HFD-fed mice and FFAs-treated hepatocytes showed obvious pyroptosis (Fig. 1 ) is in accordance with those findings. Pyroptosis is transiently induced as the pore formation breaks the normal permeability barrier and initiates compensatory mechanisms by activating ion channels or emergency exocytic membrane fusion events to patch the plasma film [39, 40] . In this study, pyroptoticrelated genes were initially upregulated, but returned to baseline in AML12 cells treated with FFAs for different time points (Fig. 1D-F) . UCP2 expression was regulated in the same manner in accordance with a previous study, which showed that the strongest UCP2 activation was in hepatoma cells treated with palmitic acid for 6 h [41] . In our study, the optimum dose for induction of pyroptosis was 1 mM FFAs; higher doses led to maximum cell death accompanied by a decrease in pyroptosis-related gene expression and LDH release ( Fig. 1G-K) . The observed cell death with decreased pyroptosis was due to other cell death mechanisms such as necrosis.
GNP, the metabolite of geniposide, is the major active form present in fruit of Gardenia jasminoides, and possesses cholagogue, anti-inflammatory, anti-tumor, and anti-oxidative effects. Numerous studies have shown its hepatoprotective effects in liver disease. For example, Lin et al. [42] reported that treatment of NAFLD patients with GNP and vitamin E markedly relieved adipose degeneration in liver cells. Qiu et al. found that GNP ameliorated podocyte injury in diabetic mice through inhibition of UCP2, indicating the important role of this gene [43] . Takeuchi et al. [44] found that GNP improved acute liver dysfunction by suppressing TNF-α production. In our previous study, we also found that GNP alleviated hepatic lipid accumulation via the miR-142a/SREBP-1c axis [45] . Collectively, these data show that GNP has therapeutic benefits in patients with liver disease. Interestingly, another study showed that inhibition of UCP2 with GNP exacerbated palmitate-induced hepatic steatosis, which is controversial with previous study demonstrating decreased triacylglycerol concentrations [46] , may be attributed to the low concentration (5 μM) and the compensatory effect of upregulated UCP2 expression.
Recent studies have shown that GNP inhibits NLRP3 and NLRC4 inflammasome activation [47] , which is responsible for hepatocyte pyroptosis, liver inflammation, and fibrosis. Thus, in this study, we explored the effects of GNP on lipid accumulation-induced liver damage and pyroptosis. We found that GNP reversed HFD-fed-induced liver damage and inhibited inflammatory cytokine production ( Fig. 2A-D) . Our in vitro and in vivo studies demonstrated that GNP inhibited pyroptosis induced by FFAs (Fig. 2E-G and 3) . It is well known that GNP is an inhibitor of UCP2; thus we hypothesized that the effects of GNP in mediating FFAsinduced pyroptosis was via UCP2. To test this hypothesis, we constructed UCP2 knockdown cells and found that the induction effect of FFAs on pyroptosis was suppressed, as determined by decreased pyroptotic-related gene expression, reduced LDH release, and less cell death (Fig. 4) . In contrast, cells transfected with UCP2 had upregulated pyroptotic-related gene expression and increased LDH release and cell death. Therefore, we conclude that UCP2 is essential for pyroptosis. Of note, pyroptosis remained unchanged in normal cells treated with GNP or transfected with siRNA, suggested that it could only be reverted after induction by FFAs. However, it is unlikely that the pyroptosis-suppressing effects of GNP are solely via inhibition of UCP2 expression; thus, further studies are needed to identify the mechanisms underlying the role of GNP in pyroptosis.
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